To evaluate the effects of truncal vagotomy at the diaphragmatic level on the sphincter of Oddi (SO) motility.
Summary Background Data
Cholelithiasis is a well-known late complication after gastrectomy and/or vagotomy. The mechanism of gallstone formation is only partly understood, and few studies address the effects of vagotomy on SO cyclic motility in conscious subjects.
Methods
In conscious dogs, SO motility was recorded by retrograde infusion manometry through a duodenal cannula before and after bilateral truncal vagotomy at the diaphragmatic level. Effects of cholecystokinin-octapeptide and feeding were also evaluated before and after vagotomy.
Results
SO cyclic motility and the gastroduodenal migrating motor complex continued to occur during postvagotomy fasting. Intermittent inhibitions of the SO and duodenal contractions disappeared during phase 3 of the migrating motor complex. SO basal pressure significantly decreased, whereas the amplitude significantly increased. Cholecystokinin-octapeptide inhibited SO contractions before and after vagotomy. The amplitude of SO contractions increased and their frequency decreased after feeding; however, these effects disappeared after vagotomy.
Conclusions
SO cyclic motility and the effects of feeding change after truncal vagotomy at the diaphragmatic level. These facts may at least partly explain gallstone formation after gastric surgery and/or vagotomy.
Gallstone formation is a well-known late complication after gastric surgery. In 1947, Majoor and Suren 1 first reported the close relationship between cholelithiasis and gastric surgery. Since then, studies have documented the relatively high incidence of cholelithiasis after gastrectomy. 2, 3 The mechanism of gallstone formation, however, remains unclear. Several factors may contribute to gallstone formation, including disturbances of gallbladder motility resulting from vagotomy. 4, 5 Because most gallstones in patients undergoing gastric surgery are bilirubinate stones, which were associated with bile stasis and retrograde infec-tion through the sphincter of Oddi (SO), 6 changes in motility of the SO may relate to lithogenesis after gastrectomy.
The SO is located at the junction of the common bile duct and pancreatic duct, where they enter the duodenum. 7 It exhibits phasic contractions superimposed on basal pressure, which is slightly higher than duodenal pressure. 8, 9 These contractions are present throughout the interdigestive period but show a cyclic change in activity during fasting in coordination with the migrating motor complex (MMC) of the gastrointestinal tract. SO motility plays an important role in delivering bile into the duodenum and preventing reflux of duodenal contents into the biliary tract.
Extrinsic nerves and gut hormones affect SO motility. Pitt et al 10 showed that truncal vagotomy increased SO phasic wave activity in prairie dogs under general anesthesia. In an acute experiment, truncal vagotomy failed to influence SO motility. 11 Few reports have addressed the effects of vagotomy on SO cyclic motility in conscious subjects. Cholecystokinin (CCK) is a putative hormone for regulating SO motility. The effect of CCK on the SO varies by species. 12, 13 In dogs and humans, CCK normally inhibits SO activity, 14, 15 but the effect of CCK changes under various circumstances. The aim of this study was to elucidate the effect of truncal vagotomy at the diaphragmatic level on 1) the cyclic motility of the SO, duodenum, and stomach during the interdigestive period; 2) the response of the SO to CCK-octapeptide (CCK-OP); and 3) the response of the SO to feeding in conscious dogs. We chose a canine model because the relevant anatomy and physiologic functions in dogs are similar to those of humans. 7
METHODS

Animal Preparation
The experimental design was reviewed by the Committee of Ethics on Animal Experiment in the Graduate School of Medical Sciences, Kyushu University, and performed under this institution's Guidelines for Animal Experimentation.
In adult male mongrel dogs, a chronic model was prepared for long-term recording of SO motility. Five dogs weighing 13 to 20 kg under intravenous anesthesia with 25 mg/kg of pentobarbital sodium underwent celiotomy. As previously described, a modified Thomas cannula was implanted into the duodenum opposite the major papilla in the right upper abdomen. 8, 9, 16 The cannula was closed with a rubber plug to allow the dogs normal food intake between experiments. The dogs recovered for at least 14 days before the recordings were made.
After several control recordings were made with and without the administration of CCK-OP and feeding, we reoperated on each dog through the previous incision while avoiding injury to the lesser and greater curvatures of the stomach. Bilateral vagal nerves were severed at the subdiaphragmatic level above the hepatic branches and a Heineke-Miculictz-type pyloroplasty was performed. Each dog received total parenteral nutrition for 4 days and recovered for at least 14 days. Vagal denervation was confirmed by the abolition of intravenous insulin-stimulated gastric contractions. All experimental data used in this study were obtained when the dogs were healthy.
Drug Preparation
Cholecystokinin-octapeptide sulfate (C2175, Sigma Chemical Co., St. Louis, MO) was prepared in saline at a concentration of 1,000 ng/mL and stored at Ϫ80°C until its use.
Manometric System
A double-lumen catheter with a short end-to-side guidewire channel at its tip (special order, Arndorfer Medical Specialties, Greendale, WI) was used for retrograde SO manometry. The outer diameter of the catheter was 1.7 mm, and the inner diameter of each lumen 0.5 mm. For manom-etry, 0.5-mm-diameter recording orifices were placed 20 mm (for common bile duct) and 50 mm (for SO) from the tip of the catheter. Two single-lumen side-hole polyethylene catheters were used for manometry of the stomach and duodenum. Each lumen of the catheters was perfused with distilled water at a rate of 0.2 mL/min using a low-compliance pneumohydraulic capillary infusion system connected to a pressure transducer (DX-360, Ohmeda Medical Devices Division Inc., Singapore). The pressure required to overcome catheter resistance and hydrostatic pressure generated by placing the recording orifices at the level of the SO was set as zero reference. Abrupt occlusion of the recording orifices increased pressure more than 300 mm Hg per second, and this system could trace more than 40 contractions per minute. Pressures were recorded with a thermal array multichannel recorder (RTA-1200 mol/L, Nihon Kohden Co., Tokyo, Japan) and stored in a personal computer (Macintosh PowerBook 145B, Apple Computer, Inc., Cupertino, CA) with Chart software ver. 3.5.2 (AD Instruments, Castle Hill, Australia).
Experimental Procedures
Baseline Recording
For at least 18 hours, each dog fasted with free access to water and was placed in a Pavlov sling in a fully conscious state, without sedation, for pressure recording. After the rubber plug of the cannula was removed, the catheters were inserted into the common bile duct, stomach, and duodenum. First, a 0.018-inch guidewire (Cook Co., Bloomington, IN) was inserted gently into the common bile duct with a guide catheter to facilitate passage of the manometric catheter. Then the double-lumen manometric catheter was advanced into the common bile duct over the guidewire. One single-lumen polyethylene catheter was placed in the duodenum at the level of the papilla, and the other was inserted into the gastric antrum. The cannula was closed with a rubber plug that had three holes for the manometric catheters. By a station pull-through technique, the proper position of the recording orifice was confirmed via characteristic tracings of the SO. In each dog, four MMC cycles were recorded before and after truncal vagotomy.
Intravenous Injection of Cholecystokinin-Octapeptide
After baseline recording of the MMC before and after truncal vagotomy, and 20 minutes after the end of phase 3, 20 ng/kg CCK-OP bolus was injected intravenously to assess the presence of a so-called paradoxical response. 17 Each recording continued for at least 10 minutes after the injection of CCK-OP.
Effect of Feeding
After baseline MMC recording before and after truncal vagotomy, and 20 minutes after the end of phase 3, 150 g test meal (Toriminchi: protein, 10%; fat, 5%; calcium, 1%; dietary fiber, 1%; calories, 150 kcal/150 g; Yeaster Inc., Tokyo, Japan) was given. Each recording continued for 10 minutes after feeding. The effect of feeding on SO motility was evaluated for only 10 minutes because food in the stomach and duodenum disturbs the recording of gastroduodenal and SO motility.
Analysis of Data
Analysis of Spontaneous Sphincter of Oddi Motility
Manometric recordings from the SO, duodenum, and stomach were analyzed visually. Parameters of SO motility were defined as follows. Basal pressure was defined as baseline pressure between phasic contractions. The amplitude was measured as the value from the basal pressure to the peak of an SO contraction. The duodenal MMC was divided into four phases according to the criteria defined by Carlson et al. 18 The cycle period of the MMC was defined as time elapsed from the end of duodenal phase 3 until the end of the next phase 3 at the same recording site. Each MMC cycle was divided into 20 equal intervals, and the mean values of the SO basal pressure and the amplitude of SO phasic wave were calculated for each interval. The resultant values were considered the standardized MMC cycle with use of a Macintosh computer application (Mac-Lab, AD Instruments).
Effect of Intravenous Injection on Sphincter of Oddi Motility
Five minutes after CCK-OP injections, the SO basal pressure and amplitude of phasic contractions were analyzed. The SO basal pressure and amplitude, measured each minute for 10 minutes after CCK-OP injection, was averaged and expressed as the rate for comparison of these parameters before injection.
Effects of Feeding on Sphincter of Oddi Motility
To elucidate the effect of feeding on SO motility, the basal pressure, amplitude, and frequency of SO phasic contractions were evaluated for 10-minute periods before and after feeding. After truncal vagotomy, these parameters were evaluated again under the same circumstances.
Statistical Analysis
The length of the MMC cycle, frequency, basal pressure, and amplitude of SO phasic contractions were analyzed by analysis of variance performed with Statview J4.5 software for the Macintosh computer. All data are expressed as mean Ϯ standard error of the mean and regarded as significant at P Ͻ .05.
RESULTS
Before and after truncal vagotomy, dogs had normal appetite and bowel movements. Weight before truncal va-gotomy was 13.5 Ϯ 0.7 kg; after truncal vagotomy it was 12.4 Ϯ 0.6 kg (P ϭ .33).
Sphincter of Oddi Cyclic Motility and Gastroduodenal Migrating Motor Complex Before Truncal Vagotomy
The MMC was obtained in four of the five dogs. Another dog failed to show either gastric or duodenal phase 3. Sixteen MMC cycles were obtained before truncal vagotomy. During duodenal phase 1, the SO continued to exhibit low-amplitude phasic contractions, whereas gastric and duodenal contractions were scarce. During phase 2, the contractions gradually increased in all recording sites. During phase 3, the SO, stomach, and duodenum showed vigorous contractions of maximal amplitude and frequency (Fig. 1A) . The configuration of phase 3 was characterized by repeated brief periods of SO and duodenal inhibition at the time of gastric contractions ( Fig. 2A ).
Sphincter of Oddi Cyclic Motility and Gastroduodenal Migrating Motor Complex After Truncal Vagotomy
Sixteen cycles of the MMC were obtained in four dogs after vagotomy. Another dog failed to show gastric and duodenal phase 3. Figure 1B shows typical recordings of the MMC cycle after truncal vagotomy. The gastric and duodenal phase 3 occurred simultaneously. As before vagotomy, the SO continued to show low-amplitude contractions during phases 1 and 2. During phase 3, the SO, stomach, and duodenum showed maximal contractions. The configuration of phase 3 failed to show the repeated inhibitions of the SO and duodenal contractions in concert with the gastric contractions (see Fig. 2B ).
Effect of Truncal Vagotomy on Sphincter of Oddi Motility Features
Cycle Length of Sphincter of Oddi Cyclic Motility and Duration of Phase 3
The cycle length of SO cyclic motility and duodenal MMC was 107.6 Ϯ 8.5 minutes before vagotomy and 136.3 Ϯ 19.2 minutes after vagotomy. The cycle length after vagotomy was prolonged, but the difference was not significant (P ϭ .19). Phase 3 lasted 10.8 Ϯ 0.7 minutes before vagotomy and 9.6 Ϯ 1.0 minutes after vagotomy. The difference was not significant (P ϭ .31).
Sphincter of Oddi Basal Pressure
The cyclic changes in SO basal pressure during the standardized MMC cycle were examined before and after vagotomy (Fig. 3A) . Before vagotomy, SO basal pressure varied cyclically, being stable from 0% MMC to 60% MMC and becoming low from 60% MMC to 90% MMC. After vagotomy, SO basal pressure significantly decreased throughout the whole cycle of the duodenal MMC, and the cyclic variation disappeared.
Amplitude of Sphincter of Oddi Phasic Contractions
The cyclic changes in the amplitude of the SO phasic waves are shown in Figure 3B . Before vagotomy, the SO amplitude gradually increased from the beginning of MMC to the point of 90% completion of MMC and peaked between 90% MMC and 95% MMC. After vagotomy, the SO amplitude increased throughout MMC cycle, and the cyclic variation persisted.
Frequency of Sphincter of Oddi Phasic Contractions
Before vagotomy, the frequency of SO phasic contractions was 16.5 Ϯ 1.1/min during phase 1 and 2 and 15.6 Ϯ 0.4/min during phase 3. After vagotomy, the frequency of SO phasic contractions failed to change during phases 1 and 2 (16.4 Ϯ 0.6/min) but significantly increased during phase 3 (17.3 Ϯ 0.3/min, P ϭ .03).
Response to Cholecystokinin-Octapeptide
Before vagotomy, the SO basal pressure decreased immediately after the injection of CCK-OP. This inhibitory effect lasted approximately 1 minute, and the SO basal pressure returned to the preinjection level. After vagotomy, the SO basal pressure also decreased after the CCK-OP injection but then significantly increased from 3 to 5 minutes after the CCK-OP injection (Fig. 4A) . The amplitude of the SO phasic waves was reduced for approximately 1 minute and then increased from 2 to 5 minutes before vagotomy. These effects remained unchanged after vagotomy (see Fig. 4B ).
Effect of Feeding
Before vagotomy, the amplitude of the SO increased immediately after feeding (Fig. 5A ). However, this postfeeding increase in SO motility disappeared after vagotomy (see Fig. 5B ). Before vagotomy, the mean SO basal pressure failed to differ before feeding (13.5 Ϯ 3.0 mm Hg) and after feeding (12.9 Ϯ 2.8 mm Hg; P ϭ .67; Fig. 6 ). The mean amplitude of the SO phasic waves significantly increased from 33.6 Ϯ 7.7 mm Hg before feeding to 54.9 Ϯ 10.5 mm Hg after feeding (P ϭ .01). The mean frequency of the SO phasic waves significantly decreased from 16.1 Ϯ 0.7/min before vagotomy to 14.6 Ϯ 1.0/min after vagotomy (P ϭ .049).
After vagotomy, the mean basal pressure, amplitude, and frequency of SO phasic contractions remained nearly the same before and after feeding. The mean basal pressure was 2.7 Ϯ 0.4 mm Hg before feeding and 2.8 Ϯ 0.4 mm Hg after feeding (P ϭ .87). The mean amplitude was 41.7 Ϯ 3.0 mm Hg before feeding and 45.5 Ϯ 3.8 mm Hg after feeding (P ϭ .43). The mean frequency was 15.9 Ϯ 0.3/min before feeding and 16.1 Ϯ 0.4/min after feeding (P ϭ .63).
DISCUSSION
Our results showed that after bilateral truncal vagotomy at the diaphragmatic level above the hepatic branches, SO cyclic motility and the gastroduodenal MMC continued, intermittent inhibitions of the SO phasic and duodenal contractions disappeared during phase 3, SO basal pressure significantly decreased, the amplitude of the SO phasic contractions significantly increased, CCK-OP inhibited SO contractions as before vagotomy, and the effects of feeding (increase in amplitude, decrease in frequency) on SO motility disappeared.
The effect of vagal tone on the initiation and coordination of the gastrointestinal MMC has been controversial. Some investigators reported that surgical vagotomy at the diaphragmatic level failed to abolish the MMC in the stomach 19 and small bowel, 19, 20 although the duration of phase 3 was reduced. 19 Hall et al 21 reported that cervical vagal cooling completely blocked the MMC in the stomach but not in the duodenum. Sarna et al 22, 23 noted that enteric neural networks rather than extrinsic vagal pathways controlled both initiation and migration of the intestinal MMC. Our data also revealed that surgical vagotomy at the diaphragmatic level failed to abolish the MMC of the stomach and duodenum.
Our experiments showed repeated inhibitions of SO and duodenal motility during phase 3 activity of the MMC at the time of gastric contractions. This observation has been reported by other investigators. Wyatt 24 was the first to show that contractions of the gastric antrum often resulted in relaxation of the SO and increased bile flow. Temporal coordination between each contraction of the antrum and quiescence of the duodenum and SO suggests that these phenomena may be related by a neural reflex mechanism rather than by hormonal mechanisms, which would take longer to reach the target organ and would fail to control the temporal coordination between each contraction and inhibition. The disappearance of this coordination indicates that vagal pathways play an integral role in controlling this phenomenon. The significance of the loss of this phenomenon after vagotomy remains unknown.
The presence of a cyclic change in SO motility in association with the MMC in conscious dogs has been documented previously by us and others. 8, 25 The SO basal pressure is stable during the first 60% of the MMC and gradually decreases from 60% to 90%. The SO amplitude gradually increases and peaks between 90% and 95% of the MMC. SO cyclic motility seems to play a role in delivering bile into the duodenum. The gallbladder also exhibits a cyclic change in motor activity, contracting from the end of phase 2 to phase 3. 26 -28 At the time of gallbladder contractions, gallbladder bile flows into the common bile duct and then is delivered into the duodenum through the SO, which becomes relaxed. After truncal vagotomy in our present experiment, the SO basal pressure significantly decreased and became stable throughout the MMC cycle, whereas the amplitude of the SO phasic contractions increased. These observations suggest that vagal innervation has a distinct role in maintaining the tone of SO basal pressure and suppressing the amplitude of SO phasic contractions. Abiru et al 29 showed that bilateral truncal vagotomy abolished gallbladder cyclic motor activity. These changes of SO and gallbladder cyclic motility after truncal vagotomy may explain the increased incidence of cholelithiasis after gastric surgery.
Various gut hormones and peptides affect SO motility Figure 6 . Effect of feeding on the sphincter of Oddi basal pressure, amplitude, and frequency before and after vagotomy. and the gastrointestinal MMC. [12] [13] [14] [15] 30 Among them, CCK and CCK-OP are well-known relaxants of the SO in dogs. 14 The inhibitory effect of cerulein, an analogue of CCK, on the human SO reverses to excitation after gastrectomy. 17 Although CCK has a direct excitatory effect on gut smooth muscle, there is another CCK-sensitive inhibitory pathway in the SO. [31] [32] [33] Our recent study showed that CCK exhibited a "paradoxical" response of contraction instead of relaxation after proximal duodenal transection and anastomosis in conscious dogs. 34 In postgastrectomy patients, Odani et al 17 also observed the paradoxical SO response to cerulein.
In the present study, truncal vagotomy failed to change the effect of CCK on the SO basal pressure and amplitude.
These observations indicate that myoneural continuity between the stomach and duodenum, rather than the vagal nerve, has a close relation to this paradoxical response.
To the best of our knowledge, we are the first to study the effect of feeding on SO cyclic motility before and after truncal vagotomy. In our experiments, 10-minute recordings were obtained before and after feeding. The reason for the short recordings is that longer periods of accurate pressure measurement could not be obtained because of the food in the stomach or duodenum. Before truncal vagotomy, the amplitude of SO phasic contractions significantly increased and the frequency of SO contractions decreased after feeding. Both of these responses disappeared after truncal vagotomy. These results suggest that the vagal tone, which is instantly stimulated by feeding, may affect SO motility. We conclude that these changes in SO motility after truncal vagotomy may account for the relatively high incidence of cholelithiasis after gastric surgery.
